The effect of hydraulic loading rate (HLR) and media type on the removal of bulk organic matter and nitrogen from primary effluent during soil aquifer treatment was investigated by conducting laboratory-scale soil column studies. Two soil columns packed with silica sand were operated at 
INTRODUCTION
Current withdrawal patterns from surface water and pumping rates from groundwater to meet the growing domestic, industrial and agricultural water demands in arid and semi-arid parts of the world are likely to become unsustainable. As a result, water reclamation and reuse is increasingly becoming essential (Rinck-Pfeiffer et al. ). Water reuse in urban areas provides water source which is accessible throughout the year for various reuse purposes (Metcalf & Eddy Inc. et al. ) . It is of paramount importance to use a cost-effective and environmentally friendly technique that would produce reclaimed water which complies with reuse quality and quantity requirements. Soil aquifer treatment (SAT) is a managed aquifer recharge (MAR) technology that can yield water of acceptable quality for indirect potable reuse when combined with other wastewater treatment technologies (Sharma et al. ) . Treated municipal wastewater in a SAT system is allowed to infiltrate through the vadose (unsaturated) zone where its quality is improved (Fox et al. ) before it receives additional treatment in the underlying saturated zone (Nema et al. ) . SAT has been employed to provide additional treatment of primary, secondary and tertiary effluents from wastewater treatment plants (WWTPs) for reuse purposes (Wilson et al. ; Fox et al. ; Nema et al. ; Crites et al. ; Sharma et al. ) . Many developing countries do not provide adequate wastewater treatment, and application of primary effluent (PE) to SAT in these countries could become an attractive option to augment their water resources and meet the increasing water demand for various water uses (Sharma et al. ) . PE is characterized with high ammonium, low nitrate, and relatively high phosphorus concentrations (Ho et al. ) . SAT offers a wide range of benefits over the conventional wastewater treatment methods, such as provision of added storage capacity and low cost (Bouwer ) . Results from different SAT sites in many countries have revealed its efficiency to remove organics, nutrients, bacteria, and viruses from primary and secondary effluents (Nema et al. ) . Organic carbon is a major water quality concern in SAT systems that involve indirect potable reuse of the reclaimed water (Drewes et al. ) . Organic matter in wastewater effluents is found in the form of effluent organic matter (EfOM) which comprises natural organic matter (NOM) from drinking water, anthropogenic organic compounds emanating from the domestic use of water, and soluble microbial products (SMPs) produced during wastewater treatment process (Drewes et al. ) . The type and bioavailability of EfOM affects the extent of soil biomass growth in MAR systems (Rauch & Drewes ; Rauch-Williams et al. ) such as SAT. The quality of the wastewater applied to MAR is primarily improved in the upper part of the vadose zone (Yamaguchi et al. ) . Large numbers of bacteria are found at the water-soil interface during application of wastewater effluent to porous media (Emerick et al. ) due to presence of high concentrations of organic carbon and nutrients. However, variation in electron acceptor and donor concentrations during application of wastewater effluent in a MAR system may change the dynamics of the microbial community (Dillon et al. a) in the biofilm environment.
The performance of a SAT system is influenced by several factors including (but not limited to) hydraulic loading rate (HLR), soil type, soil organic content and reductionoxidation (redox) conditions in the soil matrix. Not all soils are appropriate for pollutant removal (Ho et al. ) , and suitability of hydrogeological properties of aquifers for MAR should be examined (Dillon et al. b) . Soils with substantial clay fractions should be avoided during SAT site selection due to their relative impermeability that leads to high land requirements for percolation ponds. On the other hand, coarse sands yield high infiltration capacity, but remove less pollutants (Ho et al. ) . Hence, fine sand, loamy sand, and sandy loam range are the most suitable soils for SAT (Pescod ) .
This paper reports the results of a study conducted using laboratory-based columns fed with PE and operated at two different HLRs to investigate the effect of HLR on the reduction of bulk organic matter and nitrogen. Also, the impact of media type on the reduction of bulk organic matter and nitrogen was probed using two different media in laboratory-based columns operated at the same HLR.
MATERIALS AND METHODS
Wastewater effluent characteristics PE was collected every week from Nieuwe waterweg WWTP located at Hoek van Holland (The Netherlands) and characterized (Abel et al. ) . The PE was thoroughly mixed and aerated until dissolved oxygen (DO) of 6.0 ± 0.5 mg O 2 /L was reached prior to application to laboratory-based columns.
Filter media characteristics
Silica sand used in this study was obtained from Filcon (Papendrecht, The Netherlands) while dune filtering material was brought from the dune area in The Hague, The Netherlands. Homogeneity of both media was achieved by sieving through a 2 mm mesh screen followed by the cone and quarter splitting technique detailed in Schumacher et al. () prior to wet packing into laboratory-based setups. Properties (i.e. uniformity coefficient (Cu), iron (Fe) and manganese (Mn)) of these media are presented in Table 1 . Six samples (n ¼ 6) were analyzed for Fe, Mn and organic matter.
Laboratory-based columns
Three uPVC columns were roughened from inside (Charles et al. ) to minimize preferential and column interface flow and wet-packed in layers by allowing soil grains to settle in de-ionized water while slightly striking the surface of the column using a rubber mallet to ensure homogeneous media packing in the column. Each column consisted of two parts each 2.5 m high with an internal diameter of 57 mm. Both parts were connected in series and run in a downflow (gravity) mode by connecting the bottom of the first Silica sand 0.8-1.25 1.3 40 4.9 ± 0.6 (n ¼ 6) 0.5 ± 0.0 (n ¼ 6) 84.5 ± 5.9 (n ¼ 6)
TOC: total organic carbon.
part to the top of the second part using a 5 mm diameter plastic tube (Tygon, Saint-Gobain Corporation). A ponding depth of 20 cm was provided on the top of each column, and influent samples were taken from a port situated at this height to account for any PE quality change in connection tubes between the feed tank and column influent. Sampling ports were fitted at an interval of 25 cm in the first 1 m along the column depth after which the interval of 50 cm was used between each successive ports. The ports were extended to the middle of the column using glass tubes with 5 mm diameter. Two columns were packed with silica sand and used to explore the impact of HLR, while the third column was packed with dune filtering material and used to assess the influence of media type on the removal of bulk organic matter, ammonium-nitrogen (NH 4 -N) and nitrate-nitrogen (NO 3 -N). A support layer of gravel with grain size ranging from 2 to 10 mm was used at the bottom of each column. A variable-speed peristaltic pump was used to continuously deliver the PE at constant HLRs of 0.625 and 1.25 m/d resulting in empty bed contact times (EBCTs) of 8 and 4 d, respectively. These HLRs were frequently checked at influent and effluent points of each column using a measuring cylinder and a stopwatch. Biofilm formation around the media and subsequent biostability of the soil columns was monitored by analyzing dissolved organic carbon (DOC) for influent and effluent samples filtered through a 25 mm diameter regenerated cellulose filter with nominal size of 0.45 μm (Whatman, Germany). Column bio-stability was achieved after 60 d of operation when a difference of at most ±1% DOC removal was obtained between each (three) successive samples. Moreover, a period of 18-21 d was allowed after changing operating conditions to adapt the microorganisms to the new environmental conditions. Consequently, samples (n ¼ 3) were taken from various sampling ports fitted along the column profile and analyzed for DOC, NH 4 -N and NO 3 -N.
Analytical methods
Iron and manganese contents of silica sand and dune filtering material were analyzed following the procedures outlined by Eaton et al. () . Organic matter content of the media used, DOC concentrations, and ultraviolet absorbance at a wavelength of 254 nm (UVA 254 ) were measured according to Maeng et al. () . Specific ultraviolet light absorbance (SUVA) was calculated using DOC of the samples and respective UVA 254 measurements. SUVA is used as an indicator of aromatic structures of DOC (Leenheer & Croué ) . Since DOC contains chromophoric (light absorbing) and fluorophoric (light emitting) molecules, fluorescence excitation-emission matrices (F-EEM) is used in water sample analysis (Baker ). F-EEM was obtained through collection of a series of emission spectra at different excitation wavelengths using a FluoroMax-3 spectrofluorometer (HORIBA Jobin Yvon, Edison, NJ, USA) as elaborated in Maeng et al. () . MATLAB (version 7.9, R2009b) was used to illustrate organic matter fractions in contour maps as peaks of excitation-emission (Y-X) matrix. Peak 1 (P1) was assigned to humic-like compounds, peak 2 (P2) was given to fulvic-like compounds while peak 3 (P3) stood for protein-like compounds. Chemical reagents used to measure ammonium-nitrogen (NH 4 -N) and nitrate-nitrogen (NO 3 -N) were of analytical grade and were purchased from Merck KGaA, Germany. NH 4 -N and NO 3 -N were determined according to the methods detailed in Eaton et al. () . Measurement of DO was carried out using an HQ30d meter and LDO101 probe (Hach, Colorado, USA).
RESULTS AND DISCUSSION
Impact of hydraulic loading rate DOC, SUVA and F-EEM DOC removal of 47.5 ± 1.2% (38.5 ± 1.2 to 20.2 ± 2.7 mg/L) and 45.1 ± 1.2% (39.0 ± 1.1 to 21.4 ± 0.4 mg/L) was achieved in biologically stable soil columns operated at HLRs of 0.625 and 1.25 m/d, respectively. As shown in Figure 1 , DOC removal at both HLRs remained equal in the first Change in fluorescence intensity was obtained by comparing fluorescence intensity of an effluent sample to that of the corresponding influent sample at the same range of excitation-emission wavelength. P1 was reduced by 22.8 and 18% in soil columns operated at HLRs of 0.625 and 1.25 m/d, respectively, while intensities of P2 showed reduction of 21.7 and 14.8% at similar HLRs. Furthermore, P3 was reduced by 47.7% at HLR of 0.625 m/d compared to 24.5% at HLR of 1.25 m/d. In general, humic substances resist biodegradation due to their hydrophobicity, but they could be removed through adsorption in the subsurface environment (Quanrud et al. ) . Though the reduction of DOC fractions of P1 and P2 were comparable at both HLRs, substantial reductions in fluorescence intensities of P3 in the soil column operated at HLR of 0.625 m/d compared to those of 1.25 m/d suggested that biotransformation of dissolved organic matter (DOM) was higher in the columns operated at HLR of 0.625 m/d. However, the relatively high reduction of P1 and P2 at HLR of 0.625 m/d could be attributed to possibly low competition for adsorption sites due to biodegradation of organic matter and/or adsorption of these substances due to long residence time, which allows these materials to migrate to adsorption sites. Increase in NH 4 -N concentration in the first metre along the 1.25 m/d column could be due to loading of NH 4 -N at rates higher than its nitrification and desorption of the previously adsorbed NH 4 -N. Ammonification of NH 4 -N was excluded since the pH (Figure 3(d) ) of the water was below 8.3. NO 3 -N (Figure 3(b) ) removal patterns showed an increase in the first 3 m along the column depth due to nitrification of NH 4 -N. column. This could be ascribed to availability of more NH 4 -N for nitrification due to relatively short hydraulic residence time and subsequently low adsorption or contribution from other nitrogen sources. However, it is not possible to differentiate between the NH 4 -N removed through adsorption and that removed by nitrification (Idelovitch et al. ). Additionally, substantial increase in NO 3 -N concentration along the depth of the column operated at 1.25 m/d suggests that other unknown sources of NO 3 -N might have contributed to this increment. Attenuation of DOC and NH 4 -N is a biologically mediated process in which DO is utilized by microorganisms as an electron acceptor. DO (Figure 3(c) ) concentration followed a reduction pattern along the soil depth similar to that of DOC and NH 4 -N. Microorganisms follow the route with the highest energy yield to achieve maximum cell synthesis (Essandoh et al. ) . Low DO concentration and high oxygen demand of the PE fed to the column promoted anoxic conditions at the depth of 3 m in both columns, depicted by NO 3 -N reduction through denitrification between 3 and 5 m. Denitrification is an anoxic process in which microorganisms use NO 3 -N as an electron acceptor. Denitrification in presence of DO, known among microbiologists as co-respiration or co-metabolism of DO and NO 3 -N (Gao et al. ), is a synchronous process which occurs when microorganisms use branches of their electron transport chain to direct electron flow simultaneously to denitrifying enzymes alongside DO (Chen et al. ) . The reduction pattern of NO 3 -N concentration deep in the column (4 and 5 m) in presence of DO (0.2-0.5 mg/L) suggested that aerobic denitrification might have taken place in this part of the column.
Change in NH

Impact of media type
DOC, SUVA and F-EEM
Media type is considered as one of the factors that affects SAT efficiency and determines the extent of improvement in the reclaimed water quality. Figure 4 presents DOC attenuation along two soil columns packed with silica sand and dune filtering material and operated at HLR of 1.25 m/d. While the silica sand column showed DOC reduction of 45.1 ± 1.2% (39.0 ± 1.1 to 21.4 ± 0.4 mg/L) dune filtering material column exhibited DOC removal of 57.3 ± 7.6% (32.8 ± 0.6 to 14.0 ± 2.3 mg/L) out of which 37.1 ± 4.2 and 47 ± 3.4% took place in the first 2.5 m along the silica sand and dune filtering material columns, respectively.
SUVA values increased in silica sand column from 1.6 ± 0.2 L/(mg m) in the influent to 2.0 ± 0.2 L/(mg m) then marginally decreased to 1.9 ± 0.2 L/(mg m) in the effluent. The same trend was observed in the dune filtering material column where SUVA increased from 2.3 ± 0.2 to 4.8 ± 1.0 L/(mg m) and decreased to 4.7 ± 0.8 L/(mg m). High removal of DOC and corresponding increase of SUVA along the depth of both columns is presumably due to prevalence of high biodegradation that preferentially removed aliphatic (readily biodegradable organic) substances (Cha et al. ) . Despite the apparent high DOC removal in the dune filtering material column, comparable DOC amounts of 17.6 ± 0.9 and 19.1 ± 3.0 mg/L were removed in silica sand and dune filtering material columns, respectively. DOC removal in both columns appeared to be load dependent since the dune filtering material column received less DOC load (32.8 ± 0.6 mg/L) while the removal capacity of the silica sand column was affected by a relatively high DOC load (39.0 ± 1.1 mg/L).
F-EEM spectra of samples collected from silica sand and dune filtering material column experiments exhibited contour maps showing the three main peaks detected. Excitation-emission wavelengths at which these peaks were identified are: P1 (λ ex/em ¼ 240-250/430-432 nm), P2 (λ ex/em ¼ 320-340/420-422 nm) and P3 (λ ex/em ¼ 270-280/ 314-350 nm). A comparison of influent and effluent samples from silica sand and dune filtering material column experiments operated at HLR of 1.25 m/d revealed reductions in fluorescence intensity of P1 by 18 and 21.4% in silica sand and dune filtering material, respectively, while P2 showed reduction of 14.8 and 25.7% in both columns. Furthermore, fluorescence intensities of P3 were reduced by 24.5 and 39.3% in silica sand and dune filtering material columns, respectively.
Despite the high soil organic matter (SOM) content of dune filtering material, P1 and P2 and P3 were fairly significantly reduced in dune filtering material column compared to silica sand column. While humic fractions of organic carbon (P1 and P2) resist biodegradation due to their hydrophobicity, their removal in the subsurface environment is achieved through adsorption (Quanrud et al. ) . However, protein-like fractions are biologically removed. High removal of P1, P2 and P3 in the dune filtering material column was influenced by low DOC load. DO (c) and pH (d) along the silica sand and dune filtering material columns. Total NH 4 -N removal of 39.1 ± 4.3% (28.6 ± 7.1 to 17.6 ± 9.1 mg/L) in soil column packed with silica sand while a removal of 49.2 ± 5.2% (25.1 ± 0.6 to 12.7 ± 1.0 mg/L) was attained in dune filtering material column. Profiles of DO along the column depth showed that it was substantially removed in the first 2 m in the column packed with dune filtering material. However, average DO concentration in effluent samples in both columns was 0.5 mg/L.
Reduction in NH 4 -N concentration triggered an increase in NO 3 -N concentration along the column depth through nitrification and bio-adsorption processes from 2.7 ± 0.8 mg/L (h ¼ 0 m) to 25.8 ± 5.9 mg/L (h ¼ 3 m) followed by decrease to 9.1 ± 5.2 mg/L (h ¼ 5 m). On the other hand, NO 3 -N increased from 1.5 ± 0.2 mg/L (h ¼ 0 m) to 7.8 ± 0.6 mg/L (h ¼ 2 m) and significantly decreased to 1.5 ± 0.5 mg/L at the effluent of the soil column packed with dune filtering material. Even though NH 4 -N was removed in the dune filtering material column at a rate greater (10.1%) than that in the silica sand column, it did not necessarily translate into high NO 3 -N generation in the first 3 m depth in the column. On the contrary, the silica sand column showed corresponding high increase in NO 3 -N concentration compared to the dune filtering material column. Since anoxic removal of ammonium in presence of organic carbon has been reported (Sabumon ), high removal of NH 4 -N in the dune filtering material column might be attributed to anaerobic ammonium oxidation (ANAMMOX) and denitrification leading to a smaller NO 3 -N concentration detected at the effluent of the column. Low porosity of dune filtering material and its small texture might have enhanced the growth of a diverse microbial community in the biofilm environment around media grains.
SUMMARY AND CONCLUSIONS
• DOC removal was not dependent on the HLR at which the column experiments were operated in the first 3 m of the column. However, column experiments conducted at HLR of 0.625 m/d exhibited higher DOC removal between 3 and 5 m due to high retention time as compared to 1.25 m/d column.
• Fluorescence intensities (P1, P2 and P3) were considerably reduced at HLR of 0.625 m/d column by 22.8, 21.7 and 47.7% compared to 18.0, 14.8 and 24.5% in 1.25 m/d column suggesting that long hydraulic retention time influenced the removal of these intensities in silica sand.
• Column experiments carried out at 1.25 m/d using silica sand and dune filtering material revealed minor difference in the DOC concentrations removed, denoting
